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Abstract
We determine magnesium isotopic abundances of metal-poor dwarf stars from the galactic halo, to shed light on
the onset of asymptotic giant branch (AGB) star nucleosynthesis in the galactic halo and constrain the timescale of
its formation. We observed a sample of eight new halo K dwarfs in a metallicity range of −1.9<[Fe/H]<−0.9
and 4200 <Teff(K)<4950, using the HIRES spectrograph at the Keck Observatory (R≈10
5 and 200
S/N300). We obtain magnesium isotopic abundances by spectral synthesis on three MgH features and compare
our results with galactic chemical evolution models. With the current sample, we almost double the number of
metal-poor stars with Mg isotopes determined from the literature. The new data allow us to determine the
metallicity when the 26Mg abundances start to become important, [Fe/H]∼−1.4±0.1. The data with
[Fe/H]>−1.4 are somewhat higher (1–3σ) than previous chemical evolution model predictions, indicating
perhaps higher yields of the neutron-rich isotopes. Our results using only AGB star enrichment suggest a timescale
for formation for the galactic halo of about 0.3 Gyr, but considering also supernova enrichment, the upper limit for
the timescale formation is about 1.5 Gyr.
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1. Introduction
The study of galaxy formation and evolution is a vigorous
ﬁeld of astronomy, with many studies in the literature debating
how our Galaxy evolved dynamically and chemically. Regard-
ing the studies of the evolution of the Galactic halo, an important
uncertainty is its formation timescale. The classic work of Eggen
et al. (1962) discusses a monolithic scenario in which a fast
dissipative collapse occurs on a timescale of 200 million years.
Later, Searle & Zinn (1978) suggested a central collapse, but
implied that the outer halo was formed by the merging of larger
fragments, resulting in a formation timescale >1 Gyr. The latter
approach is similar to current cosmological ΛCDM models in
which larger galaxies, such as the Milk Way, were formed
hierarchically (e.g., Navarro et al. 1997 and Zolotov et al. 2009).
Hierarchical chemico-dynamical models show that 80% of the
galactic halo has [O/Fe]0.5. Kobayashi & Nakasato (2011;
Figure 9) and Tissera et al. (2012) indicate the presence of
accreted stars with high α-enhancement in the outer region of the
galactic halo. Those hierarchical models are in agreement with
observations that indicate that there are at least two different
stellar populations in the halo (e.g., Carollo et al. 2007; Nissen &
Schuster 2010).
Assuming different gas infall episodes that contribute to the
formation of the galactic components, chemical evolution
models for the Galaxy, such as those by Chiappini et al. (1997)
and Micali et al. (2013), put a constraint on the timescales of
star formation and chemical enrichment of the components.
These types of models ﬁnd values for the formation timescale
of the halo that vary from 0.2 to 2 Gyr, where the gas accretion
rate depends on the formation timescale of the halo, and thin
and thick disk components, which will set the metallicity
distribution function of the galaxy. Thus, knowing the time-
scale for formation of the various components of the Galaxy
can constrain chemical evolution models.
Elemental and isotopic abundances from different nucleo-
synthetic sites are an extremely useful tool to solve this
problem. Since the different isotopes could be formed in stars
of different masses, which die at different ages, they could
function as “clocks” to trace the timescales of halo formation.
Magnesium in particular is a good clock because its different
isotopes are produced in different sites (i.e., different stars);
therefore, they trace stellar (and Galactic) evolution over short
and long timescales. The element magnesium has three stable
isotopes: 24Mg, 25Mg, and 26Mg. The magnesium isotopes
24,25,26Mg are produced inside massive stars, while the isotopes
25,26Mg are also produced in stars with intermediate mass (we
discuss the details of Mg production in Section 2). Since the
25,26Mg isotopes can be produced in asymptotic giant branch
(AGB) stars (Karakas & Lattanzio 2003; Fishlock et al. 2014),
measuring the Mg isotopic ratios can inform us when the
heavier Mg isotopes from AGB stars begin to contribute
toward galactic chemical enrichment, meaning that the isotopic
ratios 25,26Mg/24Mg increase with the onset of AGB stars.
Some chemical evolution models include the chemical
abundances of magnesium and its stable isotopes (e.g., Alibés
et al. 2001; Fenner et al. 2003 and Kobayashi et al. 2011).
Despite the existence of these models, there are few
observations and analysis of these isotopes that could indicate
which model is more appropriate. It is also important to stress
that isotopic abundances offer more observational links than
elemental abundances, because several speciﬁc nucleosynthetic
processes produce isotopes, while the elemental abundance is
the sum of all the isotopes that compose an element.
There are several important contributions in the literature
regarding the determination of Mg isotopic abundances, such
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as Barbuy (1985, 1987), Barbuy et al. (1987), Gay & Lambert
(2000), Yong et al. (2003a, 2003b, 2004), Meléndez & Cohen
(2007, 2009), and Thygesen et al. (2016), but due to the
difﬁculty in measuring the MgH lines we have little data,
especially at low metallicities, to assess the evolution of the Mg
isotopic ratios. Note that the MgH features are visible only in
cool and not too evolved stars (Spinrad & Wood 1965).
Regarding the halo population, a limited number of halo stars
have been analyzed, with important contributions by Yong
et al. (2003b) and Meléndez & Cohen (2007). Only seven
single metal-poor stars (−2.60<[Fe/H]<−1.35) from the
Galactic halo have Mg isotopic measurements in the literature.
Therefore, in this paper, we extended the metallicity range with
our new sample and make it possible to assess when the 25,26Mg
abundances start to became important with respect to 24Mg
abundances to constrain the onset of AGB stars in the galactic
halo, adding more insights to the galactic chemical evolution
process.
The paper is organized as follows: in Section 2, we discuss
how the three magnesium isotopes are formed; in Section 3, we
show the sample and the stellar parameters; in Section 4, we
describe the analysis, Section 5 shows the results and
discussion and the conclusions are presented in Section 6.
2. Production of Magnesium Isotopes in
Different Stellar Sites
The main magnesium isotope 24Mg is produced inside
massive stars during core carbon and neon burning before the
supernova explosion. During core carbon burning, one of the
most important reactions is 12C(12C, p)23Na, where the product
23Na is destroyed through the reaction 23Na(p, γ)24Mg which is
responsible for the creation of 24Mg. According to Arnett &
Thielemann (1985), 24Mg is the third most important product
of core carbon burning in massive stars. During core neon
burning, 20Ne(γ, α)16O is the main reaction (Thielemann &
Arnett 1985), which generates α-particles. These α-particles,
along with the remaining 20Ne, form 24Mg through the reaction
20Ne(α, γ)24Mg.
The isotopes 25,26Mg are also produced in smaller amounts
in massive stars in their outer carbon layers during helium
burning (Woosley & Weaver 1995) through the reactions
22Ne(α, n)25Mg, 22Ne(α, γ)26Mg, and 25Mg(n, γ)26Mg. For
details on the amount of 24,25,26Mg produced in massive stars,
see Heger & Woosley (2010).
The magnesium isotopes are additionally produced in AGB
stars. They can be formed in three possible regions: the
hydrogen burning shell, the helium burning shell, and at the
base of the convective envelope in intermediate-mass stars
during hot bottom burning (for a review of AGB evolution, see
Karakas & Lattanzio 2014).
The most important production site of 25,26Mg is the helium
burning shell in AGB stars (Karakas & Lattanzio 2003). During
a thermal pulse, 22Ne is created via successive α-captures onto
14N. When the temperature of this region increases above
≈300×106 K, the stars experience an increase in 25,26Mg
through the reactions 22Ne(α, n)25Mg and 22Ne(α, γ)26Mg.
Additionally, 26Mg may also be produced by neutron capture
via 25Mg(n, γ)26Mg.
During hot bottom burning in massive AGB stars, hydrogen
burning occurs via the CNO cycle, Ne–Na and Mg–Al chains
when the temperature is higher than 50×106 K. The lower
densities at the base of the envelope mean that hydrogen
burning reactions need to occur at higher temperatures than
described in, e.g., Arnould et al. (1999). Thus, this site
becomes important for the production and depletion of the
magnesium isotopes (see Karakas & Lattanzio 2003 and
Ventura & D’Antona 2011).
Magnesium isotopes are created via the Mg–Al chain (for
details, see Arnould et al. 1999 or Karakas & Lattanzio 2003),
but in the same chain they can also be destroyed. The isotope
25Mg is destroyed through the reaction 25Mg(p,γ)26Al. The
isotope 26Mg experiences a little decrement through the
reaction 26Mg(p,γ)27Al until temperatures of ≈60×106 K,
but also experiences an abundance enhancement due to the
decay of 26Al in the hydrogen shell ashes. The abundance of
24Mg remains almost stable at temperatures below about
70×106 K in the hydrogen burning shell, but in the most
massive AGB stars the temperature at the base of the envelope
may exceed 90×106 K, hot enough for the destruction of
24Mg by proton capture.
Altogether, AGB stars are responsible for a considerable
amount of 25,26Mg isotopes produced in the Galaxy. Since the
lifetime of a star depends on its mass and metallicity, the study
of Mg abundances in Galactic halo main-sequence stars, which
do not have their chemical composition affected by stellar
evolution, can determine the onset of the effects of AGB
evolution in the Galactic halo, and this can provide us insights
on the timescale for formation of the Galactic halo.
3. Spectra and Stellar Parameters
The sample consists of eight K dwarf stars from the galactic
halo. These objects were chosen from the updated catalog of
Ramírez & Meléndez (2005), where we considered the
temperature interval (4000–5000 K) as well as the metallicity
range of −2<[Fe/H]<−0.8. We discard binary stars to
avoid contamination from the companion.
In order to get precise measurements for the three Mg
isotopes, we need high resolution and good signal-to-noise
spectra (>150). These conditions were achieved thanks to the
HIRES spectrograph (Vogt et al. 1994) at the Keck
Observatory (R≈105 and 200S/N300) in 2007
September. The spectral orders were extracted with MAKEE.5
For Doppler correction, combining spectra, and continuum
normalization, we used IRAF.6
After the data reduction, we found that there were two
double-lined stars in our sample, BD-004470 and G 3–13,
which were discarded from the analysis. For the remaining
stars, the stellar effective temperatures were derived according
to the photometric calibration from Casagrande et al. (2010),
using the values of B, V, J, H, and Ks magnitudes compiled by
Soubiran et al. (2016).
The [Fe/H] and microturbulence values were determined by
measuring Fe I and Fe II lines with the aid of IRAF and using the
2014 July version of the 1D LTE code MOOG (Sneden 1973).
The Fe I and Fe II line list speciﬁcally for metal-poor K dwarfs
was taken from the work of Chen & Zhao (2006). The Teff
values derived here are compatible with previous works in the
literature. We adopted literature values of surface gravity (log g)
5 MAKEE was developed by T. A. Barlow speciﬁcally for reduction of Keck
HIRES data. It is freely available at http://www.astro.caltech.edu/~tb/
makee/.
6 http://iraf.noao.edu/
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(Yong & Lambert 2003; Ramírez & Meléndez 2005). The stellar
parameters are presented in Table 1.
As a result of the abundance analysis, we found a star with
chemical anomalies, named LHS 173. The analysis of that star
will be presented elsewhere.
4. Analysis
Since the isotopes 25,26Mg have a weak contribution in the
wings of a stronger 24MgH line, creating a red asymmetry in
the MgH feature, we have to employ spectral synthesis to
derive the Mg isotopic abundances.
As we can see in Figure 1, for stars with similar temperatures
but different [Fe/H], we have different amounts of MgH. The
more metal-poor the star is, the less MgH will be present.
Furthermore, we can see that the red asymmetry is stronger in
the more metal-rich star, suggesting a higher fraction of
25,26Mg.
We determined the macroturbulence velocity broadening by
analyzing the line proﬁles of the Fe I 6056.0, 6078.5, 6096.7,
and 6151.6Å lines, setting the rotational velocity broadening
as zero. We also included the instrumental broadening in the
calculations.
As recommended by McWilliam & Lambert (1988) and Gay
& Lambert (2000), and also used in the works of Barbuy
(1985, 1987), Yong et al. (2003b), Meléndez & Cohen (2007),
and Meléndez & Cohen (2009), we adopted three wavelength
regions to determine the Mg isotopic abundances ratios,
namely 5134.6, 5138.7, and 5140.2Å.
The isotopic abundances are estimated as described in
Meléndez & Cohen (2007), also using the code MOOG and the
Kurucz grid of ATLAS9 model atmospheres (Castelli &
Kurucz 2004). The line list adopted in this region is the same a
that used in the work of Meléndez & Cohen (2007), which
includes both molecular and atomic lines. Although the
abundance analysis was derived with 1D models, Thygesen
et al. (2016, 2017) showed that using 3D models in the analysis
of Mg isotopes does not have a signiﬁcant impact, especially
for 26Mg/Mg.
The isotopic abundances are measured by performing a χ2
ﬁt, where χ2=Σ(Oi−Si)/σ
2, with Oi and Si being the
observed and synthetic spectra and σ=(S/N)−1. A compar-
ison of spectral synthesis and observed spectra is shown in the
left panel of Figure 2. The right panel of the Figure 2 displays
the variations of the χ2 ﬁts.
The ﬁnal isotopic values, as well as the parameters adopted
in the spectral synthesis, are presented in Table 1. The 25,26Mg
errors are the standard deviation between the isotopic ratios of
the three regions adopted in this work. The line-to-line scatter
in the isotopic percentages is only about 1%, showing the
Table 1
Stellar Parameters and Magnesium Isotopic Ratios
Object Teff. (K) [Fe/H] log g (dex) vmic. (km s
−1) 25Mg (%) 26Mg (%)
G 185–30 4524 −1.85±0.01 4.5 (a) 0.00 4.0±0.3 1.6±0.4
G 128–61 4664 −0.94±0.02 5.0 (b) 0.00 8.0±1.0 4.8±1.6
G 78–26 4288 −1.20±0.02 4.7 (b) 0.24 5.3±0.2 3.4±0.6
G 189–45 4937 −1.33±0.01 4.3 (b) 0.00 4.6±1.1 2.2±0.9
LHS 3780 4880 −1.38±0.01 4.5 (b) 0.00 4.5±0.1 0.0±1.0
Sun 5777 0.00 4.44 1.00 10.00 (c) 11.01(c)
Note. (*) Magnesium isotopic ratios are given with respect to 24Mg + 25Mg + 26Mg.
References. (a) Ramírez & Meléndez (2005); (b) Yong & Lambert (2003); (c) Asplund et al. (2009).
Figure 1. Spectra from stars with different [Fe/H] in the region 5140.2 Å of the MgH molecular feature.
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consistency among the different MgH features and the high
precision achieved in this work.
5. Discussion
The results including the current analysis plus data from the
literature are shown in Figure 3, note that the star LHS 3780
from the sample of Yong et al. (2003b) is not shown here since
we present new isotopic abundances for this star in this work.
The 25Mg/Mg ratios should not be used to compare with
Galactic chemical evolution models due to both observational
uncertainties arising from the smaller isotopic shift in
comparison with 24Mg and to modeling uncertainties (i.e., the
effects of 3D hydrodynamical model atmospheres shown in
Thygesen et al. 2016, 2017). However, the 26Mg/Mg ratio is
robust, as the 26Mg determination is almost immune to the
effects of 3D hydrodynamical model atmospheres, as discussed
in Thygesen et al. (2016, 2017).
We see that our data are consistent with previous measure-
ments in the literature and with the model of Fenner et al.
(2003), which does not include AGB stars, and Kobayashi et al.
(2011), which includes the contribution from AGB stars, for
halo dwarfs with [Fe/H]<−1.4. However, the model of
Fenner et al. (2003), including the AGB contribution, does not
match with the observational data.
It is possible to see as well that for stars with
[Fe/H]>−1.4, the data differ somewhat (1–3σ) from either
of the models (Fenner et al. 2003 without AGB stars, and
Kobayashi et al. 2011 including AGB stars). This suggests
higher yields of the neutron-rich isotopes, in contrast to current
yield predictions, or perhaps a different value for the timescale
formation of the halo (see below).
We adjusted a break function (Figure 3, green dotted line in
the right panel), including the data from the current work and
values from the literature, in order to estimate a reliable
metallicity at which low-metallicity AGB stars begin to
contribute to galactic chemical enrichment. The metallicity
achieved with this work ([Fe/H]=−1.4±0.1) is slightly
higher than the one determined by the study of Meléndez &
Cohen (2007). According to our results, AGB stars begin
to contribute to the Mg isotopes at a metallicity of
Figure 2. Left panel shows the MgH 5134.6 Å region with the observed spectrum (blue open circles) and the respective spectral synthesis for ﬁve different values
represented by black solid lines. The right panel shows the χ2 analysis with the best value of 25Mg and 26Mg. Both panels are for the star G 185–30.
Figure 3. In both panels, purple circles represent the data determined in this work, blue triangles show the data from Meléndez & Cohen (2007) and the cyan stars
exhibit results from Yong et al. (2003b). In the left panel, the black dotted–dashed line shows a model from Fenner et al. (2003) with no AGB contribution, the black
dashed line shows a model from the same work with AGB contribution and the model for the solar neighborhood from Kobayashi et al. (2011) is represented by the
blue solid line. The green dotted line in the right panel shows the break function considering all the observed data and the red dotted line shows the break function
considering only the data from Yong et al. (2003b) and Meléndez & Cohen (2007), the red and green vertical lines indicate [Fe/H]=−1.5 and [Fe/H]=−1.4
respectively.
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[Fe/H]>−1.4. In order to compare our contribution with a
new sample of stars relative to the previous data in the
literature, we also adjusted a break function considering only
the data from literature (Figure 3, red dotted line in the right
panel). Thus, we conclude that our new data is essential to
better establish the break point when 26Mg/Mg starts to rise.
The study of Shingles et al. (2015) suggests that for
[Fe/H]=−1.4 the majority of the contribution comes from
AGB stars with 4±1 solar masses (Figure 4). For stars in
this mass interval, the lifetime is between approximately
150–300 million of years. Thus, if we were just to consider
AGB stars, we would suggest a short timescale for the
formation of the galactic halo.
However, if we simply set a short duration of star formation
for the halo, it is not possible to reproduce our observed
26Mg/Mg ratios at [Fe/H] > −1.4. This is because core-
collapse supernovae produce 24Mg at the same time when AGB
stars produce 26Mg. It is necessary to suppress the contribution
from core-collapse supernovae and to make the AGB
contribution dominant for the chemical enrichment in the halo.
One way to model this is to introduce a strong outﬂow. In
Figure 5, a new galactic evolution model (dotted–dashed line)
Figure 4. Top: AGB stellar yields from Shingles et al. (2015) weighted by the initial mass function of Kroupa et al. (1993). Bottom: mass isotopic ratios for the same
data. The gray area indicates the region where we have the majority contribution of 25,26Mg isotopes. Data are from Shingles et al. (2015).
Figure 5. Our new model based upon Kobayashi et al. (2011), but now considering strong outﬂow. The observed data (see Figure 3) are also plotted for comparison.
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considering this strong gas outﬂow for the halo is presented and
compared to our data. In this new model, the chemical
evolution in a system (i.e., Galactic halo) is numerically
computed with the basic equations in Kobayashi et al. (2000;
Equations (5) and 6) and the outﬂow term in Kobayashi et al.
(2006). The SFR is proportional to the gas fraction;
f=(1/τs)fg. The driving source of the outﬂow is the feedback
from supernovae, and hence the outﬂow rate is also propor-
tional to the gas fraction; Rout=(1/τo)fg. The initial gas
fraction is set to be fg(0)=1 with no metallicity. The new
stars are formed from the mix of the remaining primordial gas
plus any gas ejection of previous generations of stars (i.e.,
mass loss and supernovae). The outﬂow also removes some
metals with the composition of the average metallicity of the
system at the time, RoutZ(t). The outﬂow gas could later fall
onto the disk, but this process is not included in the model.
Since this is not a dynamical model, the timescales are
determined to reproduce observations, namely, the observed
metallicity distribution function (Chiba & Yoshii 1998, see also
Kobayashi et al. 2011 for a more detailed discussion). It is
possible to have inﬂow as well, but the timescale should be
short. Otherwise, it is not possible to reproduce the low
metallicity of the Galactic halo stars.
In the best-ﬁt model, the star formation and outﬂow
timescales are τs=5 and τo=0. 2 Gyr, respectively, with
no inﬂow. The Kroupa IMF is adopted. Note that super-AGB
yields are also included in this model, but the contribution is
negligible (C. Kobayashi et al. 2018, in preparation). Other
parameter sets are also possible such as τs=10 and
τo=0.4 Gyr, but the outﬂow timescale should be no longer
than τo=0.4 Gyr to explain our data at [Fe/H]=−0.94. Half
of the halo stars are likely to be formed within 0.7 Gyr for
τo=0.2 Gyr or should be formed within 1.5 Gyr for
τo=0.4 Gyr. With these short outﬂow timescale, the outﬂow
gas contains the metals mostly produced by supernovae, while
the new stars contain the metals mostly ejected from AGB
stars. In the original halo model in Kobayashi et al. (2011) with
τs=15 and τo=1 Gyr, only 15% of halo stars are formed
within 1.5 Gyr, and this model does not show the rapid increase
of 26Mg/Mg ratios, very similar to the solar neighborhood
model in Figure 3 (solid line). From the various constraints, we
suggest that the timescale for the formation of the halo should
be below 1.5 Gyr.
Although we used a one-zone chemical evolution model for
comparison with the observed data, we can stress that our short
timescales of inﬂow and outﬂow suggest that the potential of the
star-forming region is likely shallow, and the progenitor system
could be satellite galaxies, which is consistent with hydro-
dynamical simulations such as in Monachesi et al. (2016).
6. Conclusions
Due to high resolution and excellent signal-to-noise spectra
obtained with HIRES at the 10 m Keck I telescope, we were
able to determine the magnesium isotopic abundances with
very high precision for ﬁve stars, thus almost doubling the data
from the literature of single metal-poor halo dwarfs.
Here we stress that our conclusions are made with the
addition of only two more stars at the high metallicity end,
adding more is difﬁcult due to observational limitations. It is
with this additional data that it is now possible to better
estimate when the contribution from AGB stars became
important for the galactic halo. From this work, we can
conﬁrm that 26Mg abundances start to rise for stars with
[Fe/H]>−1.4.
We conclude that for [Fe/H]>−1.4 the Mg isotope ratios
somewhat disagree with previous chemical evolution model
predictions, indicating higher yields of the neutron-rich
isotopes, in contrast to current yield predictions. However,
the disagreement between the data and the models can also be
explained with a different formation timescale of the
galactic halo.
According to calculations available in the literature, for
[Fe/H]>−1.4 the majority of contribution on the heaviest
Mg isotopes comes from AGB stars with masses of about
4±1Me, which have a lifetime between about 150–300
million years, which indicates a very short formation timescale
of the galactic halo. We present a new halo model that
reproduces the rapid increase of 26Mg/Mg ratios, by including
a strong outﬂow. From the parameter study of the chemical
evolution models, we conclude that the upper limit for the
formation timescale is 1.5 Gyr.
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